A streptolysin S homologue is essential for b-haemolytic Streptococcus constellatus subsp. constellatus cytotoxicity Streptococcus constellatus is a member of the Anginosus group streptococci (AGS) and primarily inhabits the human oral cavity. S. constellatus is composed of three subspecies: S. constellatus subsp. constellatus (SCC), S. constellatus subsp. pharyngis and the newly described subspecies S. constellatus subsp. viborgensis. Although previous studies have established that SCC contains b-haemolytic strains, the factor(s) responsible for b-haemolysis in b-haemolytic SCC (b-SCC) has yet to be clarified. Recently, we discovered that a streptolysin S (SLS) homologue is the b-haemolytic factor of b-haemolytic Streptococcus anginosus subsp. anginosus (b-SAA), another member of the AGS. Furthermore, because previous studies have suggested that other AGS species, except for Streptococcus intermedius, do not possess a haemolysin(s) belonging to the family of cholesterol-dependent cytolysins, we hypothesized that, as with b-SAA, the SLS homologue is the b-haemolytic factor of b-SCC, and therefore aimed to investigate and characterize the haemolytic factor of b-SCC in the present study. PCR amplification revealed that all of the tested b-SCC strains were positive for the sagA homologue of SCC (sagA SCC ). Further investigations using b-SCC strain W277 were conducted to elucidate the relationship between sagA SCC and b-haemolysis by constructing sagA SCC deletion mutants, which completely lost bhaemolytic activity. This loss of b-haemolytic activity was restored by trans-complementation of sagA SCC . Furthermore, a co-cultivation assay established that the cytotoxicity of b-SCC was clearly dependent on the presence of sagA SCC . These results demonstrate that sagA SCC is the factor responsible for b-SCC b-haemolysis and cytotoxicity.
INTRODUCTION
Anginosus group streptococci (AGS) are commensal bacteria in the human oral cavity. Current classification assigns AGS to three species, including five subspecies (Jensen et al., 2013) : Streptococcus anginosus subsp. anginosus (SAA), S. anginosus subsp. whileyi (SAW), Streptococcus constellatus subsp. constellatus (SCC), S. constellatus subsp. pharyngis (SCP), S. constellatus subsp. viborgensis (SCV), and Streptococcus intermedius. AGS are regarded as opportunistic human pathogens because AGS infection occurs less frequently than infections caused by well-known pathogenic streptococci, such as group A streptococci (GAS), group B streptococci (GBS) and pneumococci (Streptococcus pneumoniae). However, AGS are associated with different body sites and a wide range of clinical infections (Poole & Wilson, 1979; Ruoff, 1988; Whiley et al., 1992) . Furthermore, case reports of AGS infection have been increasing in recent years and the clinical significance of AGS infection is recognized increasingly. For example, S. constellatus is the causative organism of abscess formation in human tissue (Claridge et al., 2001; Chheda et al., 2011; Gogineni & Modrykamien, 2011) , and is associated with other disorders such as endocarditis (Marinella, 1997; Concistrè et al., 2012) , subdural empyema (Bouziri et al., 2011) , endophthalmitis (Chheda et al., 2011) , cystic fibrosis (Grinwis et al., 2010) and mycotic aneurysm (Chiang et al., 2004) . Therefore, the factors responsible for virulence in S. constellatus and other AGS should be re-evaluated at clinical and molecular levels.
Except for intermedilysin, a cholesterol-dependent cytolysin secreted from S. intermedius (Nagamune et al., 1996) , factor(s) producing b-haemolysis in AGS remain poorly characterized. In addition, a previous report had suggested that no cdc gene homologues were distributed amongst AGS other than S. intermedius (Nagamune et al., 2000) . We recently discovered that two homologues of streptolysin S (SLS), a haemolytic peptide toxin produced by Streptococcus pyogenes and other pathogenic Pyogenic group streptococci (PGS), were novel b-haemolytic factors from a b-haemolytic SAA strain (Tabata et al., 2013) . In addition to this finding, a homologue of the sag operon, which includes the genes that are essential for the production of SLS, was discovered in the draft genome information for b-haemolytic AGS of the SCP type strain SK1060 T (BioProject PRJNA67177). These observations from both 'wet' and 'in silico' analyses suggest that the unknown b-haemolytic factor(s) produced by other b-haemolytic S. constellatus and S. anginosus subspecies, i.e. SCC, SCV and SAW, may also be homologues of SLS.
In the present study, the identification and characterization of unknown b-haemolytic factor(s) of b-haemolytic SCC (b-SCC) was conducted. First, the correlation between the b-haemolysis exhibited by SCC strains and the existence of the sagA homologue (designated hereafter as sagA SCC ) amongst SCC strains was investigated, and the sequence of the sag operon homologue of b-SCC strain W277 was compared with other streptococcal sag operons. Second, we evaluated the function of the sagA SCC products and their participation in b-haemolysis and cytotoxicity. Third, we determined and compared the gene sequence of the sag operon homologues of b-haemolytic AGS strains belonging to the following subspecies/species: MM9889a T (5SK1060 T , SCP type strain), SK1359
T (SCV type strain) and MAS624 (b-haemolytic SAW strain).
METHODS
Bacterial strains. b-SCC strains W277 (from a human tooth socket) (Whiley & Beighton, 1991) , HW74 (from uterus pus) and 1340 (from subgingival dental plaque) were used in this study. Reference strains of the following species/subspecies of AGS were employed to compare the gene sequence of the sag operon homologues: SCP type strain MM9889a T (5SK1060 T ), SCV type strain SK1359 T and SAW strain MAS624. The b-haemolytic SAA (b-SAA) strain NCTC10713
T was used in the time-course analyses of growth-dependent haemolysis for the comparison with the b-haemolytic properties of W277. Strains were stored in 20-30 % glycerol at -80 uC and cultured on Brain Heart Infusion (BHI; Becton Dickinson) agar containing 5 % (v/v) horse blood before subsequent culture in BHI broth in the presence of 5 % (v/v) CO 2 at 37 uC. For the haemolytic plaque assay, the bacteria were stab-cultured in BHI agar plates containing 5 % (v/v) human blood or horse blood and incubated as described above. The human blood was donated from a healthy volunteer (informed consent was obtained) and stored in sterilized Alsever's solution at 4 uC until use. The horse blood was purchased from Nippon Bio-Supply Center.
PCR amplification of sagA
SCC
. The presence of sagA SCC was confirmed by PCR amplification using primers designed against the full-length sagA SCC from strain W277. The PCR amplification was conducted using Ex Taq DNA polymerase (TaKaRa) with the SCC_sagA-Fw1 and SCC_sagA-Bw1 primer set (Table 1 ) and the bacterial cell suspension as templates, which were prepared as described previously (Takao et al., 2004) . The reaction mixture was incubated for 5 min at 94 uC and then subjected to 40 cycles using the following conditions: 98 uC for 10 s, 55 uC for 30 s and 68 uC for 20 s. Finally, the mixture was heated once at 72 uC for 5 min. The amplification of sagA SCC was confirmed using an ethidium bromide stain after agarose gel electrophoresis.
Time-course investigation of SLS homologue haemolytic activity. b-SCC strain W277 and b-SAA strain NCTC10713
T were precultured in BHI broth containing 10 % (v/v) FBS. Subsequently, the OD 660 of each bacterial culture was adjusted to 0.001 with fresh BHI broth containing 10 % (v/v) FBS and cultured at 37 uC in 5 % (v/v) CO 2 . OD 660 and haemolytic activity of both the culture supernatant and the bacterial cell suspension were determined every 2 h until bacterial growth reached the stationary phase. For the measurement of haemolytic activity, each bacterial culture was centrifuged (15 400 g, 5 min) and the supernatant was directly applied for the haemolysis assay described below. The precipitated bacterial cells were resuspended in sterile PBS and used for the haemolytic assay as the bacterial cell suspension. Sheep blood (Nippon Bio-Supply Center) was centrifuged (800 g, 5 min) and the pelleted erythrocytes were washed with sterile PBS three times by centrifugation (800 g, 5 min). The washed erythrocytes were added to the assay mixtures at the final concentration of 0.5 % (v/v). To obtain the maximum (i.e. 100 %) haemolysis control, sterile deionized water was used instead of the sample diluted in sterile PBS; sterile PBS only, instead of the sample, was used for the 0 % haemolysis control. After incubating at 37 uC for 1 h, each culture supernatant sample was obtained by centrifugation (800 g, 5 min) and dispensed into the well of a microtitre plate (BM Bio). Subsequently, the absorbance of each well was determined at 540 nm in a microplate reader (model 550; Bio-Rad). For the bacterial cell suspension samples, after centrifuging at 800 g for 5 min, the samples were centrifuged (15 400 g, 5 min) to completely remove the bacterial cells and the absorbance (540 nm) of each resulting supernatant was determined as described above. The haemolytic activity was calculated as described previously (Nagamune et al., 1996) .
Effect of SLS inhibitors on SLS homologue haemolytic activity.
Culture supernatant of W277 was prepared by centrifugation (15 400 g, 5 min) of a 5 h culture according to the method described SLS is essential for b-haemolytic SCC cytotoxicity above. Prior to the interaction with erythrocytes, the culture supernatant was pre-incubated with lecithin at a final concentration of 0.02 % (w/v) or with trypan blue at a final concentration of 10 mg ml -1 for 10 min at 37 uC. After pre-incubation, sheep erythrocytes were added to each culture supernatant and incubated at 37 uC for 1 h, and then centrifuged (800 g, 5 min). For assaying lecithin inhibition, the absorbance (540 nm) of the supernatant was measured and the haemolytic activity calculated as described above. In order to eliminate any background absorbance due to trypan blue in the reaction mixture the centrifuged supernatant was discarded completely, and the precipitated intact erythrocytes were washed twice with PBS (800 g, 5 min) and then resuspended to lyse the erythrocytes in sterilized de-ionized water. After centrifugation, the absorbance of the supernatant was measured.
Sequence analysis of the sag operon homologue. Gene sequences of the sag operon homologue including their upstream and downstream flanking regions were determined using primer walking. The primers used for the sequence analysis are listed in Table 1 (primers 3-30, the sag operon homologue of strain W277; primers 10, 14, 16-19, 31-61, 74 and 76, the sag operon homologues of both SCP SK1060 T and SAW MAS624; and primers 1, 13, 16, 17, 19, 26, 31, 34, 36, 38, 39, , the sag operon homologue of SCV SK1359 T ). To prepare the templates for sequence analysis, PCR was conducted using PrimeSTAR HS DNA Polymerase (TaKaRa) or Tks Gflex DNA Polymerase (TaKaRa) with high fidelity, and the genomic DNA (templates) was prepared using a previously described method (Goto et al., 2002) . The DNA sequencing was conducted by BEX using an ABI Prism 3130xl genetic analyser (Applied Biosystems). The alignment of the primary SLS sequences and the homologues was conducted using CLUSTALX (Larkin et al., 2007) and the phylogenetic tree was reconstructed using NJplot (Perrière & Gouy, 1996) .
Construction of the sagA SCC deletion mutant. The construction of the deletion mutants derived from strain W277 was achieved by double-crossing-over homologous recombination, according to a previously described method (Tabata et al., 2013) . The control mutant, which only contained the erythromycin resistance gene cassette (erm) oppositely inserted upstream of the sagA SCC promoter region, was constructed by amplifying (PCR) each component of the fragment using the following primer sets (see Table 1 ) and templates: (i) SCC_up_operon-Fw and SCC_up_operon-Bw(PstI) and W277 genomic DNA (for amplification of the former half of the sagA SCC upstream region), (ii) SCC_up_operon-Fw(BamHI) and SCC_sagB-Bw and W277 genomic DNA (for amplification of the latter half of the sagA SCC upstream region), and (iii) erm-Fw(BamHI) and erm-Bw(PstI) and the genomic DNA of the S. intermedius strain UNS38 ily knockout mutant (Sukeno et al., 2005) (amplified erm). The amplicons were purified using a QIAEX II gel extraction kit (Qiagen) and digested with the indicated restriction enzyme(s). The purified fragments were ligated using DNA Ligation Mighty Mix (TaKaRa) and used as the template in a nested PCR with the SCC_up_operon_nest-Fw and SCC_operon_down_nest-Bw primer set ( Table 1 ). The resulting amplicon was purified and used for transformation induced by competence-stimulating peptide (CSP) as described previously (Tabata et al., 2013) . The construction of the desired control mutant was confirmed by DNA sequence analysis of a target region fragment amplified by PrimeSTAR HS DNA Polymerase. The DNA sequencing was conducted as described above.
Subsequently, the sagA SCC deletion mutant was constructed using genomic DNA prepared from the control mutant strain (described above) by amplifying each fragment component using the following primer sets (Table 1) : (i) SCC_up_operon-Fw and SCC_up_sagA_inv-Bw1 (amplified the sagA SCC upstream region containing erm) and (ii) SCC_sagA_down_inv-Fw1 and SCC_sagD-Bw1 (amplified the sagA SCC downstream region containing sagB-sagD). The amplicons were purified using a QIAEX II gel extraction kit and phosphorylated by T4 polynucleotide kinase (Toyobo). The purified fragments were ligated using DNA Ligation Kit Mighty Mix and used as the template The plasmid for complementation was constructed as follows. The PCR fragment for insertion was amplified with the SCC_up_sagA-Fw(EcoRI) and SCC_sagA_down-Bw(PstI) primer set using W277 genomic DNA as the template, which amplified the region of sagA SCC containing potential prokaryotic promoters. The amplicon was digested with EcoRI and PstI, and was ligated into pSETN1 (Tomoyasu et al., 2012) treated with the same restriction enzymes. Competent Escherichia coli DH5a Z1 (Lutz & Bujard, 1997 ) cells were transformed with the constructed plasmid according to the standard heating method and screened on Luria-Bertani agar containing 40mg chloramphenicol ml -1 . The sequence of the constructed plasmid was confirmed and the plasmid was used for complementation in the sagA SCC deletion mutant induced by CSP. The complementation mutant was screened as described previously (Tabata et al., 2013) .
SLS homologue-dependent cytotoxicity against culture cells. A human hepatoma cell line (HepG2) was cultured in Dulbecco's modified Eagle's medium containing 10 % (v/v) FBS (heat-treated for complement inactivation) and used for the cytotoxicity assay. The HepG2 cell suspension was dispensed into the wells of a 48-well plate at 2.5610 4 cells per well and cultivated overnight to allow the cells to attach to the wells. After incubation, each culture supernatant was discarded, and 250 ml each bacterial suspension [12 h bacterial culture in BHI broth under 5 % (v/v) CO 2 atmosphere at 37 uC] diluted with the cell culture medium and adjusted to OD 660 0.001 was added to the wells and incubated for an additional 6 h at 37 uC in 5 % (v/v) CO 2 . Subsequently, each culture supernatant was discarded and the wells were washed three times with sterile PBS. The viability of the cells was assayed with WST-1 [2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt; Dojindo] according to the manufacturer's instructions.
Comparison of the genome structure around the sag operon in AGS. The genome structure around the sag operon of AGS was compared using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the sequence homology was calculated by GENETYX software. The sequence information for SCC W277 and SCV SK1359 T was obtained as described above. Sequence information for SCP SK1060 T (AFUP01000001), SAW MAS624 (AP013072), SAA SK52 T (BAST01000004), SCC SK53 T (BASU01000018), SAA C1051 (NC_022244), S. pyogenes MGAS5005 (NC_007297) and Streptococcus dysgalactiae subsp. equisimilis GGS_124 (NC_012891) was obtained from GenBank (accession numbers in parentheses).
Nucleotide sequence accession numbers. Nucleotide sequence data have been submitted to the GenBank/EMBL/DDBJ database as accession numbers AB389362, sag operon homologue of b-SCC strain W277; and AB389363 and AB389364, regions around sagA SCC of b-SCC strains HW74 and 1340, respectively. Nucleotide sequence data of the sag operon homologue of the SCP type strain SK1060
T and novel subspecies of AGS, i.e. a SAW strain (MAS624) and the SCV type strain SK1359 T , have also been submitted as accession numbers AB389365, AB389366 and AB860419, respectively. T , revealed that the sag operons of these strains were also composed of nine genes that were similar to the typical sag operon of S. pyogenes. Our sequence data and the reported shotgun sequence data (BioProject PRJNA67177) of the SCP type strain differed at 10 nt in the 8760 bp sequence, resulting in deletions in the 59-UTR, sagB, sagF, sagG and sagH of the sag operon, and mutations in the sagC homologue. The registered nucleotide sequence of the sag operon of SAW strain MAS624 became available in the complete whole-genome sequence database (GenBank accession number AP013072) when we were preparing this paper and the sequence of the sag operon described in this study matched completely the sequence data from AP013072.
RESULTS

b-Haemolysis
The identity of each gene that comprises the SCC W277 sag operon was investigated amongst other streptococci sag operons, including b-haemolytic PGS. Higher homology was observed between the sag operon homologues of SCC and SCP (Table 2) . Additionally, the sag operon homologue was highly conserved within AGS species (SCC, SCP, SAW, SCV and SAA) compared with the sequence of the PGS genes (Table 2) . Interestingly, the sequences of sagE and sagF, which were reported to encode an immunity protein, a homologue of bacteriocin immunity protein (PlnP) of Lactobacillus plantarum (Datta et al., 2005) and an uncharacterized protein, respectively, were more diverse than the sequences of other genes in the sag operon homologues amongst AGS and PGS.
Phylogenetics of the translational product encoded by sagA
SCC
The deduced amino acid sequence of the translational products from sagA SCC was compared with other streptococcal sagA genes. As shown in the amino acid sequence alignment (Fig. 1) , the leader peptide region of the sagA SCC product (designated SagA SCC ) was highly conserved amongst the strains compared, and the leader peptide sequence of SagA SCC was a complete fit with the leader sequence of SCP, SCV, SAW and SagA1 of SAA (Fig. 1) . Although a deletion of G40 was observed in SagA SCC , A. Tabata and others the pro-peptide sequence of SagA was nearly identical in SCP, SCV and SAW (Fig. 1) .
A phylogenetic analysis of the sagA homologue translational products was also conducted that included SagA SCC of W277, HW74 and 1340. The phylogenetic tree indicated that the clusters of AGS containing W277 were separated completely from the clusters composed of PGS, such as S. pyogenes (Fig. 2) .
Genome structure around the sag operon homologue in b-haemolytic AGS. The flanking region of the sag operon homologue of b-haemolytic SCC W277 and SCV SK1359 T was sequenced, and the results were used to compare the genome structure around the sag operon amongst b-haemolytic and non-haemolytic AGS including typical strains of PGS. As shown in Fig. 3 , in both S. constellatus and S. anginosus all of the AGS sag operon homologues from database-derived draft genome information were positioned at the same genome region. Moreover, from the sequence analysis of the flanking region of the sag operon homologues undertaken here the sag operon homologues of SCC W277 and SCV SK1359 T were also shown to be positioned in the same region of the respective genomes. The downstream flanking region of the sag operon homologue in AGS was highly conserved. Interestingly, the sequences indicating encoded transposase genes (designated 'IS' in Fig. 3 ) were observed just after the operon in SCP and SCV but not in SCC W277 and bhaemolytic SA strains (SAW MAS624 and SAA SK52 T ). The upstream flanking region of the sag operon homologue was also conserved in AGS, except for b-haemolytic SAA 
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strain SK52
T , in which deletion of the upstream flanking region of the sag operon homologue was observed. The genetic context of the sag operon of PGS such as S. pyogenes and S. dysgalactiae subsp. equisimilis was quite different from that of AGS, and no homology was shown between the upstream and downstream flanking regions of the typical sag operon from PGS and the sag operon homologue from AGS. Fig. 2 . Phylogenetic tree of SagA of AGS and PGS. The amino acid sequences were aligned using CLUSTALX (Larkin et al., 2007) and the phylogenetic tree was reconstructed using NJplot (Perriè re & Gouy, 1996) Fig. 3 . Diagram of the genomic structure around the sag operon homologue derived from b-haemolytic AGS. For comparison, details of non-haemolytic strains of AGS, SCC SK53
AGS PGS
T and SAA C1051, and typical sag operon-positive PGS, S. pyogenes (SPy) MGAS5005 and S. dysgalactiae subsp. equisimilis (SDy) GGS_124, are also shown. The sag operon is shown as a black box and the region homologous with the transposase-encoding gene (IS) is shown as a dark grey box. The upstream and downstream conserved regions of the sag operon homologues in b-haemolytic AGS are also shown as a light grey box. The percentage identity of DNA sequence was calculated by GENETYX using the upstream conserved region with the adjacent gene to the insert (GAD39095) and the downstream conserved region with the adjacent gene to the insert (GAD39091) of a nonhaemolytic SCC strain SK53
T as the standard, and the values shown in the diagram. The GenBank accession numbers of the homologous genes to GAD39095 and GAD39091 of SCC strain SK53 T are YP_008508778 and YP_008508782 of SAA C1051, EGV10710 and EGV10992 of SCP SK1060 T , BAN62329 and BAN62314 of SAW MAS624, GAD36924 and GAD36913 of SAA SK52 T , and YP_002996063 and YP_002996064 of S. dysgalactiae subsp. equisimilis GGS_124, respectively. GAD39091 is also homologous to GenBank accession number YP_282964 of S. pyogenes MGAS5005. Contribution of sagA SCC to the haemolytic activity of b-SCC To elucidate the relationship between sagA SCC and SCC bhaemolytic activity, investigations were conducted using one of the b-SCC strains (W277) and its mutants: the sagA SCC deletion strain and its sagA SCC complemented strain. The haemolysis assay revealed that the W277 sagA SCC deletion mutant completely lost b-haemolytic activity (Fig.  4c ) and this activity loss was successfully restored by the trans-complementation of sagA SCC (Fig. 4d) . Moreover, a polar effect was not induced in the transcription of the W277 sag operon homologue, which was evident because the control strain only containing erm upstream of the promoter region of the sag operon indicated no effect on bhaemolysis compared with the WT strain (Fig. 4a, b) , and the complementation with only one sagA SCC gene restored b-haemolysis, which required the function of all nine genes comprising the operon in the sagA SCC deletion mutant (Fig. 4b, d ). These results suggest strongly that sagA SCC is the sole b-haemolytic factor of b-SCC.
Growth dependency of b-SCC haemolytic activity W277 and b-SAA strain NCTC10713
T growth-dependent haemolytic activity was investigated (Fig. 5a, b , respectively). The haemolytic activity of these strains was observed even in early growth stages (lag phase to early exponential phase) after 4 h of incubation. The haemolytic activity of the W277 b-SCC cell suspension increased with growth (Fig. 5a, dark grey bar) . However, the haemolytic activity of the culture supernatant decreased dramatically with growth (Fig. 5a, light grey bar) . Surprisingly, no significant haemolytic activity was detected in the culture supernatant after a 12 h incubation of early stationary-phase cells. In contrast to W277, the haemolytic activity in the culture supernatant of b-SAA strain NCTC10713
T was maintained, even in the stationary phase (Fig. 5b) .
It is known that the haemolytic activity of SLS is inhibited by several agents such as lecithin (Koyama, 1965) and trypan blue (Taketo & Taketo, 1964) . In order to investigate whether the SLS homologue produced by W277 also shows this characteristic of SLS of S. pyogenes, the effect of lecithin and trypan blue on the haemolysis was investigated. Both lecithin and trypan blue significantly inhibited the haemolysis by the SLS homologue (Table 3 ). These results indicated that the SLS homologue produced by W277 shares the same inhibitor susceptibility as typical SLS of S. pyogenes. sagA SCC is an essential factor for cytotoxicity of b-
SCC against cultured cells
The sagA SCC -dependent cytotoxicity was investigated by cocultivating HepG2 human hepatoma cells with W277 and its mutants. Remarkable cytotoxicity was observed when the strains possessing sagA SCC , i.e. W277 or the control strain, were co-cultivated with HepG2 cells (Fig. 6a, c) . However, markedly higher HepG2 viability was maintained when the HepG2 cells were co-cultivated with the sagA SCC deletion mutant or the intrinsically non-b-SCC strain NCDO2226 T because of the absence of the sag operon homologue (Fig.  6b, d ). These results revealed that sagA SCC contributed not only to b-haemolysis, but also to the cytotoxicity of SCC.
DISCUSSION
In this study, the b-haemolytic factor of b-SCC was revealed to be an SLS homologue, a peptide haemolysin produced by pathogenic streptococci such as PGS, which includes S. pyogenes. Previously, we reported that b-SAA strains contained a novel sag operon homologue composed of 10 ORFs (sagA1, sagA2 and sagB-sagI) and that the novel SLS homologues encoded in the operon, designated SagA1 and SagA2, were responsible for the b-haemolytic activity of b-SAA strains (Tabata et al., 2013) . However, the sag operon homologue of SCC (designated sag SCC ) was composed of nine ORFs (sagA-sagI), similar to the typical sag operon of S. pyogenes and other PGS (Table 2) . Moreover, the draft genome sequence information (SCP SK1060 T , BioProject PRJNA67177) and our primer-walking sequencing results in this study (SCP SK1060 T , GenBank accession number AB389365; SCV SK1359 T , GenBank accession number AB860419; and SAW MAS624, GenBank accession number AB389366) revealed that the sag operon homologues of other b-haemolytic strains of AGS, such as SCP SCV and SAW, are also composed of nine ORFs. These results indicate that the sag operon and the homologues of PGS and b-haemolytic AGS are basically composed of nine ORFs (sagA-sagI), and, presently, the only exception is the sag operon homologue of b-SAA, composed of 10 ORFs with the tandem alignment of the sagA homologues sagA1 and sagA2. The explanation for why the 10-ORF-type sag operon homologue is specifically observed in b-SAA is under investigation.
Previous reports have demonstrated that the sagA gene encodes an SLS precursor, sagB-sagD encode proteins that contribute to the maturation of SLS and sagG-sagI encode proteins related to the export of SLS to the extracellular milieu (Nizet et al., 2000; Mitchell et al., 2009) . Each gene locus in the sag operon homologues was conserved between b-SAA strain NCTC10713
T and PGS, except for the duplication of sagA (Tabata et al., 2013) . Although the order of each gene in the sag operon homologues was conserved strictly, as expected from the findings in b-SAA, each gene sequence in the SCC operon was well conserved amongst AGS but showed lower identity to the gene sequence of PGS (Table 2) . Interestingly, amongst the four genes (sagA-sagD) suggested to be responsible for SLS formation, each gene, except for sagD, was more homologous with the genes of SCP, SCV and, interestingly, SAW than the genes of SAA (Table 2) . Moreover, the amino acid sequence of the sagA SCC product was considerably conserved in the leader peptide and pro-peptide regions of SCP, SCV and SAW SagA (Fig. 1) . These data, together with the results of the phylogenetic analysis of SagA homologues (Fig. 2) , show that SCC SagA has high homology within SCP, SCV and SAW SagA, but is more divergent from SAA SagA; this is despite SCC, SCP and SCV belonging to S. constellatus, and SAA and SAW belonging to S. anginosus. This observation is of interest to understand the molecular evolution of the sag operon homologue in AGS, including the acquisition mechanism of b-haemolytic activity in AGS. Furthermore, this study revealed that other genes comprising the sag operon homologue, sagE and sagF, were also relatively conserved within b-haemolytic AGS. Currently, the exact function(s) of the products encoded by these genes has not been confirmed; however, sagE has been proposed to be an immunity protein for SLS in S. pyogenes (Datta et al., 2005) . Therefore, it is thought that b-haemolytic AGS strains are protected from the cytotoxic or harmful effect caused by their own SLS homologues using the sagE product from the same streptococcal group. This function of sagE is a very important strategy for the survival of b-haemolytic AGS in their typical habitat, i.e. the human oral cavity, if this speculation is correct. Growth and haemolysis were monitored every 2 h until a total incubation time of 18 h was achieved. Results of the haemolysis assay are presented as the mean±SD (n53). The b-haemolysis induced by both b-SCC (present study) and b-SAA (Tabata et al., 2013) depends clearly on the presence of sag operon homologues. According to the sequence information from completed genomes of 19 strains of S. pyogenes and also five strains of S. dysgalactiae subsp. equisimilis in the National Center for Biotechnology Information database, it is obvious that, without exception, all strains possess the sag operon and that the upstream and downstream flanking regions of the sag operon of PGS are highly conserved amongst the strains of each species, notwithstanding two patterns of the upstream flanking region observed in S. pyogenes. However, the sequence of the conserved flanking regions of PGS was not homologous to the regions of the sag operon homologues of AGS. Although the genetic information was not sufficient for systematic comparison in the flanking regions of the sag operon homologue of AGS (due to insufficient strains with completed sequence data), both side flanking regions of the sag operon homologues in AGS are probably conserved amongst AGS. Of interest in Fig. 3 , the downstream flanking region of the sag operon homologue in AGS was highly conserved, and some of the species possess a transposase between the sag operon and the conserved flanking region. This suggests that either b-SCC arose through acquisition of sag SCC by non-haemolytic SCC or non-haemolytic SCC strains are descended from b-SCC by loss of sag SCC during evolution. The genomic information described above will be also helpful in understanding the phylogeny underlying the heterogeneous distribution of the sag operon homologue amongst SCC and SAA strains. Such detailed information is needed to help answer these questions, and is anticipated in the relatively near future through rapid whole-genome sequencing and subsequent comparison between b-SCC and non-haemolytic SCC strains. All SCP strains show b-haemolysis, and newly proposed subspecies of SCV and SAW are also reported to have b-haemolytic properties similar to SCP (Jensen et al., 2013) . Indeed, the presence of the sag operon homologue was confirmed in these three subspecies by the sequence analysis in this study. Moreover, the draft genome information also indicates the presence of the sag operon in SCP and SAW.
The time-course of b-SCC strain W277-induced haemolysis during growth revealed an interesting characteristic of the b-SCC strain: the haemolytic activity in the W277 culture supernatant was the highest during the early exponential growth phase and subsequently decreased as growth increased (Fig. 5a ). This rapid decrease in haemolytic activity in the culture supernatant was not observed with SAA type strain NCTC10713
T and the activity of the SAA strain was maintained at a higher level even in the stationary phase (Fig. 5b) . However, the haemolytic activity of the bacterial cell suspension was stable in both strains over the 4-18 h incubation period (Fig. 5) . Other b-SCC strains were investigated and the culture supernatant of many of these in the stationary phase demonstrated lower haemolytic activity, which was similar to the W277 results (data not shown). Although the reason why the time-course of the haemolytic activity detected in the culture supernatant differed between b-SCC and b-SAA has yet to be clarified, one possible explanation is that the difference of stability and/or location of the SLS homologues depends on the amino acid sequence of SLS precursors and/or the function of individual secretion systems encoded by the sagG-sagI genes in each sag operon homologue. As the distribution/location of produced active SLS homologues is important when considering virulence, the details of the biosynthesis and secretion mechanism of SLS homologues should be clarified through further investigations.
The sagA homologue-dependent cytotoxicity of W277 was investigated by co-cultivating W277 with target cells because bacterial cell-host cell contact was suggested to be important to the cytotoxicity of W277, according to the stable haemolytic activity of W277 demonstrated in the bacterial cell suspension (Fig. 5) . After co-cultivating the target cells with the W277 sagA SCC deletion mutant and with intrinsically non-haemolytic SCC NCDO2226 T , the target cells maintained higher viability compared with the cells cocultivated with b-haemolytic strains harbouring the sagA SCC gene (Fig. 6 ). This result revealed that the b-SCC SLS homologue could contribute not only to b-haemolysis, but also to the cytotoxicity against the human culture cell line in vitro. Investigations regarding the structure and function of the W277 SLS homologue compared with the homologues of other b-SCC and other subspecies/species should be conducted to understand the multifaceted pathogenic functions of the AGS SLS homologues. A review of S. pyogenes SLS indicated that the function of SLS is not restricted to haemolysis, but that SLS is also responsible for other functions, such as soft-tissue damage, paracellular invasion across epithelial cells, destruction or evasion of the immune system, quorum sensing, etc. (Molloy et al., 2011) . Furthermore, SLS has demonstrated synergistic effects with streptococcal pyrogenic exotoxin B for GAS infection in a mouse model and SLS had a more prominent effect on mouse mortality (Hung et al., 2012) . Therefore, further investigations are proceeding to reveal the exact physiological functions of SLS homologues distributed amongst bhaemolytic AGS, including b-SCC.
In the present study, the b-haemolytic property of b-SCC was defined by the expression of an SLS homologue, a sagA homologue contained in the sag operon, which encodes a haemolysin peptide. Therefore, investigation of the regulatory mechanism of sag SCC transcription will also be important in evaluating the exact virulence determinants of b-SCC strains. In S. pyogenes, the production of SLS has been reported to be regulated by several mechanisms at the transcription level of the sag operon, such as the transcriptional regulator CovRS (alternative name, CsrRS) system (Engleberg et al., 2004; Federle et al., 1999; Graham et al., 2002) , CCR (Kinkel & McIver, 2008; Shelburne et al., 2008 , Kietzman & Caparon, 2010 and LacD.1 (Kinkel & McIver, 2008) . SLS production in Streptococcus iniae has also been shown to be regulated by the two-component system sivS/R (Bolotin et al., 2007) . Thus far there is little information on gene expression of the sag operon homologues in AGS because the identification of the first operon homologue was determined only very recently (Tabata et al., 2013) . Therefore, further molecular biological studies are necessary to increase our understanding of the regulatory components and mechanisms that participate in the expression of the operon homologues. These investigations will provide important and useful information to re-evaluate the real virulence of SLS homologue-dependent b-SCC strains and the related subspecies/species of AGS.
